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Abstract 11 
The dynamical variability of the boreal stratospheric polar vortex has been usually analysed considering the 12 
extended winter as a whole or only focusing on December, January and February. Yet recent studies have 13 
found intra-seasonal differences in the boreal stratospheric dynamics. In this study, the intra-seasonal 14 
variability of anomalous wave activity preceding polar vortex extremes in the Northern Hemisphere is 15 
examined using ERA-Interim reanalysis data. Weak (WPV) and strong (SPV) polar vortex events are grouped 16 
into early, mid- or late winter sub-periods depending on the onset date. Overall, the strongest (weakest) wave-17 
activity anomalies preceding polar vortex extremes are found in mid- (early) winter. Most of WPV 18 
(SPV) events in early winter occur under the influence of east (west) phase of the Quasi-Biennial Oscillation 19 
(QBO) and an enhancement (inhibition) of wavenumber-1 wave activity (WN1). Mid- and late winter WPV 20 
events are preceded by a strong vortex and an enhancement of WN1 and WN2, but the spatial structure of the 21 
anomalous wave activity and the phase of the QBO are different. Prior to mid-winter WPVs the enhancement 22 
of WN2 is related to the predominance of La Niña and linked to blockings over Siberia. Mid-winter SPV 23 
events show a negative phase of the Pacific-North America pattern that inhibits WN1 injected into the 24 
stratosphere. This study suggests that dynamical features preceding extreme polar vortex events in mid-winter 25 
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should not be generalized to other winter sub-periods. 26 
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1 Introduction 30 
The boreal stratospheric polar vortex is perturbed by a variety of forcings, such as the Quasi-Biennial 31 
Oscillation (QBO) (Holton and Tan 1980), El Niño-Southern Oscillation (ENSO) (Manzini et al. 2006; 32 
Taguchi and Hartmann 2006; Butler and Polvani 2011), tropospheric blockings (Martius et al. 2009; 33 
Woollings et al. 2010; Barriopedro and Calvo 2014; Ayarzagüena et al. 2015) or the Arctic sea ice content 34 
(García-Serrano et al. 2015; Kolstad et al. 2015). All these studies are based on observations apart from 35 
Taguchi and Hartmann (2006) and Ayarzagüena et al. (2015), which are modelling works and Manzini et al. 36 
(2006), Wollings et al. (2010) and Kolstad et al. (2015) that combine both. The previously cited forcings 37 
modulate the upward wave activity entering the stratosphere that leads to stratospheric polar vortex anomalies 38 
(Palmer 1981; Li et al. 2007; Solomon 2014). In particular, an anomalously weak polar vortex (WPV, 39 
hereafter) is preceded by a strong upward wave activity from the troposphere causing warming over the 40 
stratospheric polar region and weakening of the polar cyclonic circulation (Limpasuvan et al. 2004; Polvani 41 
and Waugh 2004). The opposite is true for strong polar vortex events (SPV hereafter, Christiansen 2001). The 42 
most dramatic weak vortex regime in the Northern Hemisphere (NH) winter is called major stratospheric 43 
warming (MSW), during which polar temperature increases dramatically in a few days, the equator-pole 44 
temperature gradient reverses and the zonal-mean flow becomes easterly (Andrews et al. 1987).  45 
The importance of the occurrence of these stratospheric extreme events for the tropospheric climate 46 
variability has been long documented (Baldwin and Dunkerton 1999, 2001), and several studies have shown 47 
an improvement of seasonal forecasts based on stratospheric information using different models or statistical 48 
methods (Christiansen 2005, Scaife et al. 2014). 49 
Typically, changes in the boreal polar vortex and its dynamics have been analysed by considering the whole 50 
extended winter (from November to March) or only focusing on the most dynamically active months 51 
(December, January and February) as representative of the winter season (Kodera et al. 2003). Recent studies 52 
have consistently shown intra-seasonal differences in the dynamics of the extended boreal winter. Using a 53 
chemistry-climate model (CCM), Ayarzagüena et al. (2013) identified a different polar stratospheric response 54 
to future changes in early winter and mid-to-late winter under projected climate change scenarios. This work 55 
showed that, even though there are no statistically significant future changes in the mean frequency of MSWs, 56 
there is a shift in the occurrence of this phenomenon with more events registered in mid- and late winter in a 57 
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future climate. Solomon (2014) classified the episodes of enhanced wave activity (WAEs) into four categories 58 
in a decreasing sequence according to its magnitude (major, minor, final and other WAEs) and identified their 59 
most common timing. Major WAEs are more likely to occur during mid-winter, minor WAEs are recorded 60 
throughout the extended winter, final WAEs occur most likely in late winter, and the other WAEs 61 
predominate in early winter. Nevertheless, Solomon (2014) did not explore the reasons for the variability in 62 
wave activity among winter sub-periods and the potential precursors in each type of episodes. The goal of the 63 
present paper is to analyse the intra-seasonal variability of stratospheric anomalous circulation in the NH, and 64 
to gain insight into the dynamical mechanisms driving the extreme polar vortex events in different periods 65 
throughout the extended NH winter.  66 
The structure of this paper is as follows. Section 2 describes the data and methodology used in this work to 67 
identify extreme polar vortex events and to study the corresponding anomalous tropospheric wave-activity 68 
propagation. In section 3 we show and discuss intra-seasonal differences in the wave-activity climatology, as 69 
well as differences in the anomalous wave activity and anomalous circulation structures prior to WPV and 70 
SPV events in three winter sub-periods (early, mid- and late winter). Finally, in section 4, we include a 71 
summary with the main conclusions derived from our work. 72 
 
2 Data and methodology  73 
We use daily-mean data of the three wind components, temperature and geopotential height from ERA-74 
Interim reanalysis (Dee et al. 2011), calculated by averaging the 6-hourly data, for the period 1979-2011. The 75 
data extends from 1000 to 1 hPa (37 levels) and the spatial domain is the Northern Hemisphere (NH) and the 76 
subtropical region of Southern Hemisphere (20ºS-90ºN, 180ºW-180ºE) on a 1.5º×1.5º grid.  77 
The analysis has been restricted to post-satellite era in order not to combine post and pre-satellite data that 78 
might lead to misleading results. For instance, Gomez-Escolar et al. (2012) found differences in the polar 79 
stratospheric temperature climatology in mid-winter between pre-satellite and post-satellite eras, which might 80 
be related to satellite data assimilation. Consequently, ERA-Interim has been used despite covering a shorter 81 
period than other currently reanalysis datasets (e.g.: JRA-55 or NCEP-NCAR).  82 
2.1 Extreme polar vortex events 83 
In this work, the strength of the stratospheric polar vortex is quantified by using daily values of zonal mean 84 
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zonal wind at 60ºN (denoted as u60 ) and 10 hPa. The central date (day 0) of a WPV is defined as the first day 85 
that u60
 
at 10 hPa falls below its daily 15th percentile according to the corresponding daily climatology over 86 
1979-2011. In the case of SPV events, its central day is identified as the first day that u60
 
at 10 hPa reaches 87 
out its daily 85th percentile (Fig.1a). Note that percentiles 15th and 85th are a proxy of the mean value of minus 88 
and plus one standard deviation, respectively, in a Gaussian distribution (although we note this might not be 89 
the case for this data). These events should persist at least 10 days to be considered as extreme events. In 90 
addition, two consecutive extreme events are taken as independent events if there are at least 10 days between 91 
the disappearance of the former and the onset of the latter. The 10-day interval corresponds approximately to 92 
the wintertime radiative relaxation time scale at 10 hPa and 60ºN (Newman and Rosenfield 1997).  93 
We distinguish WPV and SPV events occurred in October-November-December (OND, early winter), in 94 
January-February (JF, mid-winter) and in March-April (MA, late winter). The reason of including October in 95 
early winter, unlike other studies, is because the polar vortex has already formed according to the geopotential 96 
height at 50 hPa. In addition, October has the same number of hours of sunshine as April, which is usually 97 
considered part of the extended winter (Limpasuvan et al. 2004; Kolstad et al. 2015). With these criteria, we 98 
have registered 33 WPV (15 in OND, 9 in JF and 9 in MA) and 32 SPV events (17 in OND, 11 in JF and 4 in 99 
MA) (Table 1). Note that 8 out of the 9 WPV events which occurred in mid-winter (JF) satisfy the MSW 100 
conditions, i.e., the meridional temperature gradient at 10 hPa between 60ºN and the North Pole reverses and 101 
u60
 
at 10 hPa becomes easterly (Quiroz 1979; Labitzke 1981). The distribution of WPV and SPV events 102 
under the different ENSO and QBO phase is shown in Fig.1b and Fig.1c, respectively. ENSO and QBO 103 
information has been taken from NOAA webpages, namely 104 
http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears_ERSSTv3b.shtml and 105 
http://www.cpc.noaa.gov/data/indices/, respectively.  106 
2.2 Wave activity propagation 107 
We investigate the anomalous wave activity propagation and its effect on the mean stratospheric flow in NH 108 
winter the week (average of the 7 days) prior to the occurrence of SPVs and WPVs in each winter sub-period, 109 
by computing composites of the corresponding anomalies of Eliassen-Palm flux and its divergence (Eliassen-110 
Palm 1961).  111 
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The analysis of the anomalous upward wave propagation is completed by means of the anomalous meridional 112 
eddy heat flux (v’T’)a at 100 hPa (proportional to the vertical component Fz of E-P flux) the week prior to the 113 
occurrence of SPV and WPV. Hu and Tung (2003) demonstrated that (v’T’) averaged over the extratropics at 114 
100 hPa gives a good measure of the tropospheric wave injection into the stratosphere. We calculate the 115 
(v’T’)a at 100 hPa averaged over 45ºN-75ºN for all zonal wavenumbers and the first two zonal wavenumbers 116 
(k=1, 2) using Fast Fourier Transform filters.  117 
Since we search for the main regions responsible for the change in the tropospheric wave injection into the 118 
stratosphere, we also plot not spatially averaged (v’T’), which corresponds to a rough approximation of the 119 
vertical component of the 3D Plumb Flux (Plumb 1985). As we are interested in dynamical effects of 120 
persistent tropospheric circulation structures, daily meridional wind and temperature values have been 121 
smoothed out with 5-day running mean in order to identify quasi-stationary waves (Nishii et al. 2009). 122 
The anomalous eddy heat flux has been decomposed into two different components (Nishii et al. 2009; Smith 123 
and Kushner 2012):  124 
(v 'T ')a = (v 'aT 'a )a + (v 'cT 'a )+ (v 'aT 'c ) (1)  125 
The subscripts a and c indicate anomalies and climatological values, respectively. The first right-hand term of 126 
Eq.1 corresponds to the nonlinear contribution of anomalous waves, and the sum of the second and the third 127 
term indicates the modulation of climatological waves by wave anomalies.  128 
2.3 Statistical significance of results 129 
The statistical significance of the composites is assessed with a Monte Carlo-like test of 5000 samples. 130 
Because the composites for each winter sub-period are computed by considering the central date of the 131 
extreme events and their respective previous 7 days, each sample is defined as k (number of events) blocks of 132 
8 consecutive days. Central dates of the k events in each sample are selected randomly choosing days and 133 
years within each winter sub-period with the condition that the blocks are separated at least 10 days from each 134 
other (consistently with our definition of observed strong and weak events).   135 
As an example, to establish the statistical significance of the composite for WPVs in OND (k=15 events), we 136 
randomly select 15 non-overlapping blocks from this winter sub-period, that is, among 92 days (from October 137 
1st to 31st December) of 32 years (from 1979 to 2011). The average of the data of these random fifteen 8-days 138 
blocks provides one value of the probability distribution function (PDF), and this procedure is repeated 5000 139 
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times to construct the full PDF used to establish the statistical significance of the “observed” composite. A 140 
two-tailed test is applied with 95% confidence interval based on the obtained PDF. 141 
 
3 Results and discussion  142 
3.1 Climatological wave activity 143 
We first examine the intra-seasonal variability in the wave activity by analysing the differences between the 144 
three winter sub-periods and the extended winter climatological wave activity. Fig.2 displays the cross 145 
sections of the climatological E-P flux, its divergence and the zonal wind in a (ϕ, log (p)) plane for the 146 
extended winter, early winter, mid-winter and late winter (i.e. OND, JF and MA).  147 
The climatological E-P flux in the three winter sub-periods is overall similar to the extended winter, but there 148 
are relevant differences among them. The wave activity in the subpolar mid-stratosphere is more intense in 149 
mid-winter (JF), and the convergence is stronger in the stratosphere (Fig.2c). Consequently, the E-P flux 150 
climatology in the extended winter season (Fig.2a) is mainly dominated by the mid-winter months (Fig.2c). In 151 
early (Fig.2b) and late winter (Fig.2d), the region of maximum convergence is restricted to the subpolar mid-152 
stratosphere (~10 hPa, 50ºN-60ºN). 153 
The intraseasonal variability in the climatology of the meridional eddy heat flux (v’T’) at 100 hPa is shown in 154 
Fig.3. The largest climatological (v’T’) at 100 hPa values for the extended winter in the lower stratosphere are 155 
found between 50ºN and 70ºN (Fig.3a), in agreement with the cross-section results of vertical component of 156 
the E-P flux shown in Fig.2a. There are two regions with large positive meridional eddy heat fluxes, the 157 
Eastern Siberia and the Central Siberia, and only one with large negative fluxes in Northwest Canada. Some 158 
differences appear among winter sub-periods. The strongest positive (v’T’) at 100 hPa values located in the 159 
easternmost part of Siberia are observed during mid-winter (Fig.3c) and the positive centres over the 160 
Scandinavian and Central Siberia present the highest values in late winter (Fig.3d).  161 
3.2 Anomalous wave activity prior to extreme events 162 
3.2.a Zonal mean wave activity propagation 163 
We next study the intra-seasonal differences of anomalous wave activity prior to the identified extreme events 164 
among winter sub-periods. Fig.4 (left column) displays the latitude-height composites of the anomalous E-P 165 
flux and zonal wind over the week before WPV events. In general for the three winter sub-periods, the wave 166 
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activity is stronger than the climatology, with anomalous upward E-P flux and enhanced eddy-induced 167 
deceleration of the mean flow in the stratosphere, which highlights the role of planetary waves in forcing 168 
WPV events. This interaction between the anomalous wave activity and the winter stratospheric mean flow 169 
leads to a weakening of the zonal wind in the extratropical stratosphere before the onset of WPV events. 170 
Some differences among winter sub-periods can be observed, with the strongest anomalies of E-P flux, E-P 171 
flux divergence, and zonal wind for WPVs occurring in mid-winter (Fig.4c) in agreement with Solomon 172 
(2014). In addition, only prior to mid-winter WPVs the statistically significant anomalous wave propagation 173 
above 10 hPa extends into the subtropics. In the equatorial stratosphere there is an EQBO-like structure 174 
(anomalous easterly winds in the lower stratosphere and westerly winds above them) prior to the occurrence 175 
of WPV events in early winter (Fig.4a). To a lesser extent, we can also see an EQBO-like structure for events 176 
in mid-winter, and WQBO-like winds for the WPVs in late winter. Although the anomalous equatorial zonal 177 
winds are not statistically significant at a 95% confidence level, these vertical structures are in agreement with 178 
the statistics on QBO phase and weak vortex events presented in (Fig.1b). The predominance of EQBO for 179 
WPVs in early winter (11 out of 15 events) and mid-winter (6 in 9 events) is in agreement with the Holton 180 
and Tan (1980) relationship between the QBO and the stratospheric polar vortex state. However, the 181 
dominance of WQBO in late winter (6 out of 9 events) eludes this explanation, probably because the 182 
transition from WQBO to EQBO occurs primarily in spring/summer season (April-August) (Dunkerton 183 
1990). In this regard, Gray (2003) and Gray et al. (2004) showed in several model experiments that in early 184 
winter the polar stratosphere might be more sensitive to the QBO phase. In the later stages of winter, the flow 185 
becomes more nonlinear and the influence of subtropical and equatorial upper stratosphere might be more 186 
important (Gray et al. 2004). More recently, White et al. (2016) studied the seasonal evolution of the Holton-187 
Tan effect during the extended Northern Hemisphere winter and their results agree well with those of the 188 
present study. They showed that under EQBO in early winter there is a stronger meridional circulation in the 189 
lower stratosphere and a wave convergence at high latitudes in the middle stratosphere that leads to a weak 190 
polar vortex. In mid-February the polar vortex starts to recover from the previous weakening and becomes 191 
anomalously strong for that time of the year (White et al. 2016). 192 
The wave activity in the week prior to the SPV onset (Fig.4, right column) is weaker than the climatology, 193 
with anomalous downward E-P flux and positive anomalous divergence (i.e. reduced convergence) at mid- 194 
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and high latitudes in the three winter sub-periods. As observed for the WPVs, the strongest anomalies of wave 195 
activity prior to the SPV events are found in mid-winter (Fig.4d) but the strongest positive anomalies of zonal 196 
wind are observed for late winter SPVs in the extratropical stratosphere (Fig.4f). However, this last result 197 
must be taken with caution due to the low number of SPV events (only 4) in late winter. Conversely to WPVs, 198 
Fig.4b shows the presence of a WQBO structure linked to SPVs in early winter; Fig. 1c already showed that 199 
WQBO is present during SPV events in early winter (12 out of 17 cases). Although a WQBO structure is not 200 
very evident in mid-winter (Fig. 4d) and late winter (Fig. 4f), 8 in 11 cases in mid-winter and 3 out of 4 cases 201 
in late winter occur during WQBO phase. We recognize the limitations of trying to draw conclusions on the 202 
potential relation between QBO and extreme vortex events with a small number of cases, but we do report 203 
some tendency in the reanalysis data for a particular QBO phase during extreme events identified in early and 204 
mid-winter.  205 
3.2.b Vertical wave activity propagation 206 
In order to identify the geographical regions where the anomalous wave activity originates during the week 207 
prior to the onset of stratospheric polar vortex extremes, composites of the anomalous meridional eddy heat 208 
flux, (v’T’)a, at 100 hPa are represented in Fig.5 (WPVs) and Fig.6 (SPVs). Overall, before the onset of WPV 209 
events (Fig.5, left column) the climatological behaviour of the wave activity appears reinforced (compare to 210 
Fig.3b, Fig.3c, Fig.3d), but with different magnitude on the main regions of wave propagation depending on 211 
the winter sub-periods. The smallest anomalies are observed prior to early winter WPVs (Fig.5a), although 212 
statistically significant changes are identified over Central Siberia, Bering Sea and Greenland/Northeast 213 
Canada regions. In mid-winter, the wave activity over Central Siberia is enhanced before the onset of WPVs 214 
(Fig.5d). Additionally, there is a strong injection of wave activity into the stratosphere over the Bering Strait 215 
which in mid-winter extends further towards the east over Canada with respect to the climatology (Fig.3c). 216 
The climatological negative centre over Northern Canada is intensified (Fig.5g) prior to late winter WPV 217 
events. Similarly, the climatological positive (v’T’) at 100 hPa (Fig.3d) over Bering Strait and Scandinavian 218 
regions significantly increases.  219 
The v’T’ at 100 hPa pattern in Fig. 5a is similar to that found by Garcia-Serrano et al (2015) in a study of the 220 
influence of Arctic sea ice interannual variability in autumn on the winter (DJF) Euro-Atlantic sea level 221 
pressure. In their study, Garcia-Serrano et al. showed that the heat flux pattern appeared as a dynamical 222 
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response to Arctic sea ice forcing, and invoked a stratospheric pathway linking sea ice forcing in November 223 
and sea level pressure anomalies in DJF. We have plotted a composite map of Arctic sea ice concentration 224 
anomalies for our OND weak vortex events, and even though there is a decrease of the Artic sea ice in 225 
agreement with García-Serrano et al., the statistical significance is very low (not shown). Therefore, our 226 
results are inconclusive about the role of Arctic sea ice forcing the stratospheric variability in early winter. 227 
The central and right-hand columns of Fig.5 show the terms of (v’T’)a at 100 hPa associated with the 228 
nonlinear contribution of anomalous Rossby waves and the modulation of climatological waves by wave 229 
anomalies, respectively. Overall, the main contribution to the strengthening of the wave activity prior to the 230 
WPVs comes from the interaction between climatological and anomalous wave for the three winter sub-231 
periods (Fig.5, right column). This term, (v’cT’a)+(v’aT’c), also plays an important role over those regions 232 
where the wave-activity injection into the stratosphere is weakened prior to mid- and late winter WPVs 233 
(Fig.5f, Fig.5i, respectively). Additionally, (v’aT’a)a prior to mid-winter WPVs has a non-negligible 234 
contribution to the total (v’T’)a; it makes the enhanced wave activity over Bering Strait region extend further 235 
eastward (Fig.5e).  236 
The same analysis of the (v’T’)a at 100 hPa preceding the onset of SPVs is shown in Fig.6. As expected, an 237 
overall reduction of the climatological wave activity injection into the stratosphere over the main regions of 238 
wave propagation is observed for all SPVs occurring in winter (Fig.6, left column). However, intra-seasonal 239 
differences in these anomalies are evident, both in magnitude and/or location. For instance, for mid-winter 240 
SPV events, the strongest reduction of the wave activity is observed over Alaska and northern Europe 241 
(Fig.6d). Interestingly, in mid-winter the spatial structure for SPV events does not match exactly the location 242 
of the climatological centres (compare Fig.6d and Fig.3c), while in late winter the spatial pattern weakens the 243 
climatological structure (compare Fig.6g and Fig.3d). 244 
Similarly to the WPV events, the term that contributes the most to the (v’T’)a at 100 hPa is associated with the 245 
modulation of climatological waves by wave anomalies preceding SPV events (Fig.6, right column). Again 246 
there are some differences among winter sub-periods; this term is more intense in mid (Fig.6f) and late winter 247 
(Fig.6i).  248 
In order to further explore the intra-seasonal differences in the anomalous wave activity associated with the 249 
occurrence of polar vortex extremes, Fig.7 presents the temporal evolution around the onset of these events of 250 
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the (v’T’)a at 100 hPa averaged over 45ºN-75ºN considering the separate zonal wavenumber components 251 
(wavenumber 1 and 2 (WN1 and WN2, respectively)). In the case of WPVs (Fig.7, left), WN1 component 252 
(red line) contributes the most to the preceding enhancement of the extratropical-averaged (v’T’)a at 100 hPa 253 
for the three winter sub-periods. However in mid- and late winter, the WN2 component of (v’T’)a at 100 hPa 254 
also increases in the week prior to the events (Fig.7c, Fig.7e, green line). Consistently, the pattern of (v’T’)a at 255 
100 hPa displayed in Fig.5d and Fig.5g is a mix of WN1 and WN2 wave patterns; and the pattern of (v’cT’a)+ 256 
(v’aT’c) resembles a WN2 pattern (Fig.5f and Fig.5i). One of the possible modulators of WN2 wave activity 257 
prior WPVs in mid-winter might be the phenomenon of La Niña. Indeed, 6 out 9 WPV events during mid-258 
winter were preceded by La Niña (Fig.1b). This is consistent with the results of Barriopedro and Calvo (2014) 259 
and Li and Lau (2013) regarding the link between ENSO and the zonal wavenumber components prior to 260 
weak polar vortex events. In particular, while WPVs that develop during El Niño events tend to be preceded 261 
by WN1 wave activity, WPVs that take place during La Niña events tend to be preceded by enhanced WN2 262 
wave activity.   263 
Concerning the wave forcing of SPVs (Fig.7, right column), there is a reduction of the (v’T’)a at 100 hPa 264 
averaged over 45ºN-75ºN around the central date of the events mainly due to the WN1 wave component. For 265 
both early (Fig.7b) and mid-winter (Fig.7d) events, the negative anomalies grow over time before the SPV 266 
onset, but the highest anomalies are observed prior to mid-winter events. Results for late winter SPVs (Fig.7f) 267 
showed that the anomalous values always remain negative although they are not statistically significant (only 268 
4 events). This prolonged reduction of wave activity may be because 2 out of 4 late winter SPVs were 269 
preceded by WPVs in mid-winter, and the propagation of tropospheric planetary waves is weakened after 270 
WPV events during the so-called “late winter cooling period” (Labitzke 1981). 271 
3.3 Anomalous tropospheric circulation structures prior to polar vortex extremes  272 
In this section, we search for a possible link between anomalous middle tropospheric circulation structures 273 
and the anomalous wave activity preceding the extreme events of the stratospheric polar vortex already 274 
shown. Fig.8 shows composites of the anomalous geopotential height at 500 hPa (Z500) the week before the 275 
onset of WPVs and SPVs in the different winter sub-periods. Also, the climatological eddy geopotential 276 
height at the same level is included to identify possible constructive or destructive interferences between 277 
climatological and anomalous waves associated with the tropospheric circulation anomalies. 278 
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a) WPV events 279 
Once again, intra-winter differences are evident prior to WPVs in Fig.8 (left column). In early winter, the 280 
anomalous circulation pattern shows a WN1-like structure with two main centres of action, positive over 281 
Greenland and Western Siberia and negative over the Eastern Siberia (Fig.8a). The two anomalous centres are 282 
located close to the main climatological ones, Eurasian ridge and Pacific trough, intensifying the 283 
climatological structures. The positive values of the interaction term of the eddy heat flux near these areas in 284 
Fig.5c confirm the constructive interference between the anomalous and climatological waves. Additionally, 285 
the Eurasian ridge and Pacific trough form part of the climatological WN1 wave (Garfinkel et al. 2010) and 286 
consequently, the constructive interference of the anomalous and climatological waves likely leads to an 287 
enhancement of WN1 wave as already shown in Fig.7a. The anomalous pattern is similar to that shown in 288 
Fig.9b of García-Serrano et al. (2015) but for 200 hPa associated with the loss of sea ice concentration at the 289 
Barents-Kara Seas region (northeast of Scandinavia) in agreement with the results of the heat flux.  290 
In mid-winter, the anomalous Z500 is mainly characterized by a combination of WN1 and WN2 patterns 291 
(Fig.8c). As in early winter, the two strongest centres of anomalies are located over Western and Eastern 292 
Siberia-Pacific, but the mid-winter pattern also has two weak ones over Canada and Greenland (the latter not 293 
statistically significant). The positive anomalies of Z500 over Canada are merely in quadrature with the 294 
climatological eddies and thus, do not interfere much with them. However, they might be responsible for the 295 
anomalous wave activity injection into the stratosphere associated with the anomalous waves only (Fig.5e) as 296 
happened during the MSW of January 2009 (Ayarzagüena et al. 2011). The rest of the Z500 anomalies 297 
interfere constructively with the climatological WN1 and WN2 waves (Garfinkel et al. 2010) and might lead 298 
to an enhancement of the WN1 and WN2 wave activity in agreement with Fig.7c. Comparing with the results 299 
of Barriopedro and Calvo (2014), the centres of positive anomalies of Z500 in mid-winter can be related to 300 
blockings over Siberia sector influenced by La Niña events. Blockings over this region enhance WN2 wave 301 
activity (Nishii et al. 2011), consistently with the results in Fig.5f. 302 
In late winter, the anomalous structure also shows a combination of WN1 and WN2-like patterns as in mid-303 
winter. However, in this case the centre of negative anomalies over Greenland becomes the strongest one and 304 
extends further eastward. As a result, the anomalous low is located close to the climatological trough over 305 
Northeastern America and intensifies it. The rest of the positive and negative centres of anomalies of Z500 306 
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have weakened and reduced respect to mid-winter, in particular over the Eastern Siberia-Pacific that is now 307 
restricted to the Pacific. Nevertheless, they still coincide with the antinodes of the climatological waves and 308 
their constructive interference is statistically significant according to Fig.5i.  309 
Subsequently, we have verified the effects of the anomalous circulation on the upward propagating WN1 and 310 
WN2 wave activity that we have just inferred in Fig.8. Figure 9 shows the cross-sections of anomalous and 311 
climatological eddy geopotential height averaged over 55ºN-75ºN for WN1 (left column) and WN2 (right 312 
column) for WPVs. The averaging latitude band corresponds to the region where the main centres of 313 
anomalies of Z500 and climatological eddy geopotential height are located. Results do not differ much when 314 
selecting a different band such as 45ºN-75ºN (not shown). In early winter, as anticipated before, the 315 
anomalous WN1 wave is in phase with the climatological wave and propagates upward as denoted by the 316 
westward tilt with the height (Fig.9a). Thus, the enhancement of the upward-propagating WN1 wave is 317 
verified. At 500 hPa the negative and positive antinodes of the wave coincide with the locations of the 318 
anomalous Eastern Siberian low and Greenland and Western Siberian highs identified in Fig.8a. In contrast, 319 
the anomalous WN2 wave does not interfere with the climatological wave (Fig.9b). In mid- (Fig.9c and d) 320 
and late winter (Fig.9e and f), the anomalous WN1 and WN2 waves are in general in phase with 321 
climatological waves and both show westward tilt with height, confirming the intensification of the upward-322 
propagating WN1 and WN2 waves prior to the occurrence of WPVs.  323 
b) SPV events  324 
Contrarily to WPV events, before SPV events (Fig.8, right) in the three winter sub-periods there is a negative 325 
centre of Z500 anomalies over Western Siberia and a positive centre over Eastern Siberia-Pacific as also shown 326 
by Kolstad and Charlton-Perez (2011) for SPVs in the extended winter (DJFM). Both centres are close to the 327 
climatological Eurasian ridge and Pacific trough and they tend to diminish the climatological wave pattern. 328 
Nevertheless, the centres of anomalies are much weaker in early winter than in the rest of the season. The 329 
anomalous high over Eastern Siberia is the main structure leading to the inhibition of wave activity by 330 
interaction with the climatological wave in early winter. The result is confirmed by the statistically significant 331 
negative values in the interaction term of the heat flux (Fig.6c). A pseudo-negative phase of Pacific-North 332 
American pattern is shown in Fig.8d in mid-winter, which is known to weaken the climatological Eastern 333 
Siberia-Pacific low and once again, inhibits WN1 component (in agreement with Fig.7 results). Previous 334 
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studies have already shown the occurrence of a similar pattern over the Western Pacific prior to a polar 335 
stratospheric cooling (Nishii et al. 2010, 2011, Kolstad and Charlton-Perez 2011). In late winter, the negative 336 
anomalies of Z500 over Central Siberia are more intense than in the other sub-periods (Fig.8f) and the 337 
anomalous circulation pattern has a WN1-like shape in opposite phase with the climatological wave 338 
(Garfinkel et al. 2010). This would also explain the suppression of WN1 wave activity shown in Fig.7f. 339 
As for WPVs, we have analysed the upward-propagating anomalous and climatological WN1 and WN2 340 
waves of Z (Fig.10) to confirm the conclusions derived from the analysis of anomalous Z500. In the three sub-341 
periods the anomalous WN1 (Fig.10 left column) is in opposite phase with the climatological waves in the 342 
troposphere and stratosphere, indicative of the destructive interference of both waves. As for WN2 wave, the 343 
anomalous WN2 is in quadrature with the climatological waves in early and late winter. In mid-winter, the 344 
anomalous WN2 wave seems to be in phase with the climatological one. In fact, this result is not very 345 
surprising since part of the seven days preceding SPVs show an enhancement of WN2 heat flux (Fig.7d). 346 
Nevertheless, the suppression of WN1 wave activity is strong enough to counterbalance the effects of WN2. 347 
3.4 Temporal Evolution of Stratospheric Circulation Anomalies 348 
Fig.11 shows the time-height composites of the standardized anomalies of zonal mean zonal wind at 60ºN 349 
during 90 days before and after the onset of the extreme events. Fig.11a and Fig.11b represent the composites 350 
for WPV and SPV events, respectively, during all the extended winter similarly to Baldwin and Thompson 351 
(2009, their Fig.11). WPVs composites for the extended winter are preceded by positive anomalies of zonal 352 
wind and after the event onset the zonal wind is reduced (Fig.11a), in agreement with Baldwin and Thompson 353 
(2009). The same pattern appears in Fig.11b for SPVs, with the sign of the anomalies inverted and weaker 354 
negative anomalies preceding the event. Although Fig.11a and Fig.11b do not present statistically significant 355 
anomalies propagating down to the surface after the events, the anomalies remain in the upper troposphere 356 
being able to affect the baroclinic activity (Baldwin et al. 2003). The temporal evolution of anomalous zonal 357 
wind for WPVs also presents an intra-seasonal variability (Fig.11, left column). WPVs in early winter 358 
(Fig.11c) are preceded by weak and non-statistically significant negative anomalies, while mid-winter and late 359 
winter WPVs (Fig.11e and Fig.11g) present a larger previous strengthening of the polar vortex. Albers and 360 
Birner (2014) showed a similar vortex preconditioning prior to vortex split MSWs, which is in agreement 361 
with the important contribution of WN2 wave activity preceding WPVs in the present study. In particular, 362 
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Albers and Birner (2014) found that split MSWs are preceded by an anomalously strong vortex without 363 
vertical tilt that is wider in the upper stratosphere and narrower in the lower stratosphere. According to their 364 
study, the enhancement of gravity and planetary wave drag constrains this former strong vortex about the pole 365 
and weakens it. In early winter and mid-winter WPVs significant anomalies reach the troposphere, and this 366 
happens earlier for mid-winter anomalies. In late winter negative anomalies remain in the upper troposphere, 367 
probably due to the high variability of the springtime troposphere. 368 
Fig.11 (right) shows the evolution of zonal wind anomalies corresponding to SPV events. In contrast to WPV 369 
events, prior to SPV events there are no clear opposite-sign anomalies in early and mid-winter (Fig.11d and 370 
Fig.11f). This difference is probably due to the fact that the SPV events have a longer time-scale as they are 371 
driven by radiative relaxation while wave forcing drives WPV events. However, late winter SPVs are 372 
preceded by negative anomalies (Fig.11h), which is consistent with the occurrence of 2 out 4 SPVs after 373 
WPVs and the associated reduction of planetary wave propagation (Fig.7f).  374 
 
4 Summary and conclusions  375 
In this study we have examined the intra-seasonal variability of the anomalous wave activity injection into the 376 
stratosphere preceding polar vortex extremes in the NH using ERA-Interim reanalysis data (1979-2011). 377 
Particularly, weak (WPV) and strong (SPV) polar vortex events have been grouped in winter sub-periods 378 
depending on the date of the onset: early winter (OND), mid-winter (JF) or late winter (MA).  379 
We have identified the patterns prior to the occurrence of polar vortex extremes in each winter sub-period. In 380 
general, WPV (SPV) events are associated with constructive (destructive) interference of anomalous wave 381 
activity with the climatological patterns in each winter sub-period. The results show clear intra-seasonal 382 
differences in the anomalous wave activity preceding both types of extreme events. Overall, mid-winter 383 
extreme events are preceded by the strongest wave activity anomalies, whereas the weakest anomalies are 384 
observed prior to early winter extreme events. We summarize here the specific features observed for each 385 
winter sub-period.  386 
In early winter, the upward wave propagation preceding WPVs (SPVs) is under the influence of a WQBO-387 
like (EQBO-like) structure. The anomalous geopotential pattern at 500 hPa before WPVs (SPVs) represents a 388 
WN1-like structure in phase (out of phase) with the climatological wave that increases (inhibits) the upward 389 
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WN1 wave propagation. The spatial patterns of the anomalous wave injection into the stratosphere could be 390 
related to the stratospheric pathway of the autumn Arctic sea ice influence on the winter Euro-Atlantic climate 391 
as recently shown by García-Serrano et al. (2015), although our results are not conclusive in this respect. 392 
Both mid- and late winter WPV events are preceded by a strong vortex with a specific geometry that favours 393 
poleward planetary wave propagation, as discussed by Albers and Birner (2014). However, only mid-winter 394 
WPVs are influenced by an EQBO-like structure and it is at a lesser extent than in early winter. The 395 
anomalous pattern of the vertical wave injection into the stratosphere before WPVs in mid- and late winter 396 
has a contribution of WN1 and WN2 wave activity. This is due to the constructive interference between 397 
climatological and anomalous waves over the Eastern Siberia-Pacific region and Western Siberia that 398 
produces an increase of the upward WN1 and WN2 wave propagation. For mid-winter WPV events the 399 
increase in WN2 wave activity might be related to the predominance of La Niña over El Niño conditions, 400 
linked to enhanced blockings over Siberia and WN2 wave activity polar stratosphere perturbations 401 
(Barriopedro and Calvo 2014). There is a non-linear eddy-eddy interaction that is responsible for the 402 
extension of wave activity over Northern Canada in mid-winter. 403 
Regarding SPVs, mid- and late winter events are preceded by a WQBO-like structure, although it is not very 404 
evident in Fig.4d and Fig.4f. We also observe that late winter SPV events are preceded by WPV, in agreement 405 
with the late winter cooling proposed by Labitzke (1981). The modulation of climatological patterns by 406 
anomalous eddies is the main responsible for the reduction in wave activity preceding mid- and late winter 407 
SPVs. In both sub-periods, the suppression of wave activity is mainly due to the inhibition of the WN1 408 
component. For instance, the mid-winter SPV events show a negative phase of the Pacific-North American 409 
pattern that has been traditionally related to the mentioned reduction of WN1 wave activity (Nishii et al. 2010, 410 
2011, Kolstad and Charlton-Perez 2011).  411 
It is important to note that the relatively short time period covered by the data and the subsequent small 412 
number of extreme polar events might be a weakness for the robustness of our results. In order to overcome 413 
this shortcoming, we have applied a non-parametric statistical significance test (namely, a Monte Carlo-like 414 
test) to provide confidence to our conclusions. Nevertheless, the number of SPV events is particularly small in 415 
late winter (only four) and thus we have avoided deriving any important conclusion for this group of events. 416 
The use of a much longer dataset might have reduced this problem, but we prefer not to mix pre- and post-417 
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satellite data (more details in Section 2).  418 
Our results support the conclusions of previous studies concerning the different forcings of extreme polar 419 
vortex regime and their most effective timing. To the best of our knowledge, the present work constitutes the 420 
first analysis of the intra-seasonal variability of the triggering mechanisms of these events. An important 421 
implication of this study is that the dynamical behaviour associated with events occurring in mid-winter 422 
months cannot be generalized to other winter sub-periods, in particular regarding precursors and wave activity 423 
preceding extreme polar vortex events. Our results suggest that considering the intra-seasonal variability of 424 
polar vortex extremes can help improve the representation of stratosphere-troposphere interactions in climate 425 
models and seasonal forecast systems. 426 
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Figure captions 539 
Fig.1 a) Daily percentiles of the zonal mean zonal wind at 10 hPa and 60ºN (in ms-1) for the period 1979-2011 540 
through the extended winter (October-April). Bottom and top red lines indicate the 15th and 85th percentiles, 541 
respectively, and the blue line represents the 50th percentile. b) Distribution of WPV events in early, mid- and 542 
late winter (OND, JF and MA, respectively) on basis of ENSO conditions and direction of equatorial zonal 543 
wind at 50 hPa, i.e., phase of QBO. c) as b) but for SPV events 544 
Fig.2 Climatology of E-P flux and its divergence in (a) extended winter (ONDJFMA), (b) early winter 545 
(OND), (c) mid-winter (JF) and (d) late winter (MA) (1979-2011). E-P flux is represented by vectors with a 546 
scale of 5×108m3s-2. Shading illustrates the climatological divergence of E-P flux in units of ms-1day-1 and 547 
contours represent climatological zonal mean zonal wind in ms-1 548 
Fig.3 Climatology of the meridional eddy heat flux at 100 hPa (ms-1K) in (a) extended winter (ONDJFMA), 549 
(b) early winter (OND), (c) mid-winter (JF) and (d) late winter (MA) (1979-2011) 550 
Fig.4 Latitude-height composites of the anomalous E-P flux (arrows), its anomalous divergence (shading) and 551 
anomalous zonal mean zonal wind (contours) the week prior to the WPV (left column) and SPV events (right 552 
column) with statistical significance at a 95% confidence level (Monte Carlo-like test, 5000 random samples). 553 
a-b) Composites for 15 WPV and 17 SPV events in early winter, respectively; c-d) composites for 9 WPV and 554 
11 SPV events in mid-winter, respectively; and e-f) composites for 9 WPV and 4 SPV events in late winter, 555 
respectively. Arrows with a scale of 3×108 m3s-2 are drawn when the value of the vertical component (Fz) of 556 
anomalous E-P flux is statistically significant. Color shading illustrates the statistically significant anomalous 557 
divergence of E-P flux in units of ms-1day-1. Zonal mean zonal wind anomalies (ms-1) are shown in black 558 
contours and those statistically significant are highlighted in yellow contours 559 
Fig.5 Composites of the anomalous meridional eddy heat flux (ms-1K) at 100 hPa (left column) and its 560 
contributor terms (middle and right columns) for the week prior to the occurrence of WPV events. Rows show 561 
the results corresponding to the three winter sub-periods: 15 events in early winter (upper), 9 events in mid-562 
winter (middle) and 9 events in late winter (bottom). Dotted regions show statistically significant values at a 563 
95% confidence level (Monte Carlo-like test, 5000 random samples) 564 
Fig.6 As Figure 5 but for the SPV events: 17 events in early winter (upper), 11 events in mid-winter (middle) 565 
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and 4 events in late winter (bottom) 566 
Fig.7 Composites of the time evolution of anomalous meridional heat flux (v′T′)a at 100 hPa averaged over 567 
45ºN-75ºN from 15 days before to 15 days after the occurrence of WPV (left column) and SPV events (right 568 
column). It has been performed for different zonal wavenumbers: k=1 (red line), k=2 (green line) and the sum 569 
of all zonal wavenumbers (blue line). Rows show the results corresponding to the three winter sub-periods: 570 
early winter (upper), mid-winter (middle) and late winter (bottom). Asterisk denotes statistically significant 571 
values at a 95% confidence level (Monte Carlo-like test, 5000 random samples) 572 
Fig.8 Composites of anomalous geopotential height (gpm) at 500 hPa (shading) for the week prior to the 573 
occurrence of WPV (left column) and SPV events (right column). Rows show the results corresponding to the 574 
three winter sub-periods: early winter (upper), mid-winter (middle) and late winter (bottom). Dotted regions 575 
show statistically significant values of geopotential anomalies at a 95% confidence level (Monte Carlo-like 576 
test, 5000 random samples). Grey (negative) and orange (positive) contours represent climatological eddy 577 
geopotential height at the same level during these winter sub-periods. The contour interval is 30 gpm 578 
Fig.9 Composites of WN1 (left column) and WN2 (right column) components of anomalous geopotential 579 
height averaged over 55ºN-75ºN the week prior to the occurrence of WPV (gpm, shading). Rows show the 580 
results corresponding to the three winter sub-periods: early winter (upper), mid-winter (middle) and late 581 
winter (bottom). Dotted regions show statistically significant values of eddy geopotential anomalies at a 95% 582 
confidence level (Monte Carlo-like test, 5000 random samples). Dashed black (negative) and solid black 583 
(positive) contours represent climatological WN1 and WN2 components of geopotential height during these 584 
winter sub-periods  585 
Fig.10 As Figure 9 but for SPV events 586 
Fig.11 Height-time composites of standardized anomalies of zonal mean zonal wind at 60ºN around the onset 587 
of WPV (left column) and SPV (right column) events, from 90 days before to 90 days after, a-b) for all events 588 
through the extended winter, c-d) for early winter events, e-f) for mid-winter events and g-h) for late winter 589 
events. Statistically significant values at a 95% confidence level are dotted (Monte Carlo-like test, 5000 590 
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